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Patterns of nephrin and a new proteinuria-associated protein docytes, with their primary and secondary foot processes,
expression in human renal diseases. and the interpodocyte slit membranes are the final glo-
Background. Many factors contribute to the pathogenesis merular seal to prevent leakage of circulating plasmaof glomerular proteinuria, but no exact molecular mechanisms
proteins [1]. Congenital nephrotic syndrome of the Finn-are known to date. The recently reported protein nephrin, en-
ish type (CNF), a disease characterized by a “fusion”coded by the NPHS1 gene, appears to be crucial for the integ-
rity of the glomerular filtration barrier. of podocyte foot processes and uncontrolled massive
Methods. Immunohistochemistry was used to detect possible proteinuria, is considered to be a prototype disease dis-
changes in glomerular nephrin, and a new proteinuria-associated rupting the filtration barrier [2, 3]. The recent cloningprotein expression was developed in various diagnostic groups
of the gene responsible for CNF kidney disease, NPHS1,of human kidney biopsies.
has generated new understanding of the molecular patho-Results. In normal control kidney, antibodies to intracellular
and extracellular nephrin domain showed a typical podocyte genesis of proteinuria [4].
pattern of reactivity, while the 18C7 antibody to a normally in- The predicted protein product of NPHS1, nephrin, is
accessible proteinuria-associated epitope was negative. Instead,
a transmembrane protein with eight immunoglobulin-strong glomerular positivity by 18C7 was seen in membranous
like extracellular repeats and a uniquely structured intra-glomerulonephropathy, membranoproliferative glomerulone-
phritis, systemic lupus erythematosus and cryoglobulinemic ne- cellular domain [4]. Immunohistochemistry and in situ
phritis, while with antibodies to either intracellular or extracel- hybridization have shown that nephrin is primarily ex-
lular nephrin domains, a down-regulation in nephrin expression pressed in glomerular podocytes [4]. Furthermore, im-
pattern was shown.
munoelectron microscopy has located nephrin in podo-Conclusions. Unmasking or de novo expression of distinct
cytes preferentially at the slit membrane areas as wellglomerular proteins may be an important feature reflecting the
as at the lateral podocyte membranes [5–7]. Based onpathophysiological events in these diseases with altered glo-
merular permeability, while only mild changes in the slit dia- these observations, it has been proposed that nephrin is
phragm protein nephrin appear to take place. a key component of the glomerular filtration barrier,
which apparently plays a pivotal role in preventing pro-
tein leakage [8]. Interestingly, a particular complexing
Proteinuria is a characteristic feature in primary and of intracellular proteins at the junctions of filtration slit
secondary renal diseases, but the exact molecular mecha- appears important to maintain integrity of the filtration
nisms leading to the loss of the filtration barrier integrity barrier [1, 4, 5]. Rodewald and Karnovsky have sug-
remain unclear. gested a zipper-like organization of the slit diaphragm
The glomerular filtration barrier consists of a fenes- [9]. On the basis of that hypothesis, Tryggvason et al
trated endothelium, a layered glomerular basement mem- have suggested the existence of a homotypic interaction
brane (GBM) and specialized visceral epithelial cells, of nephrin molecules extending from adjacent foot pro-
podocytes [1]. Accumulating evidence indicates that po- cesses [1, 4]. This suggestion remains to be supported by
experimental data. Mundel et al have recently proposed
that, for example, p-cadherin could complex with nephrinKey words: glomerular basement membrane, podocytes, slit diaphragm,
transmembrane protein, filtration barrier. to form the slit diaphragm [10], and a new nephrin-asso-
ciated protein, CD2AP, has been reported on the cyto-Received for publication December 21, 2000
plasmic side of nephrin [11]. Thus, the slit diaphragmand in revised form July 24, 2001
Accepted for publication August 29, 2001 complex may still contain additional, as yet unidentified
components. 2002 by the International Society of Nephrology
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Table 2. Effect of various pretreatments on 18C7 tissue reactivityTable 1. Renal biopsies included in the study
Diagnosis No. of cases IF reactivity on
Treatment CNF kidney
Acute post-streptococcal nephritis 2
Minimal change disease 4 No pretreatment 
Lipid solventsPrimary focal and segmental glomerulosclerosis 11
Membranous glomerulonephropathy 20 Methanol 
Ethanol IgA glomerulonephritis 40
Membranoproliferative glomerulonephritis 6 Detergents
0.5% Triton X-100 Mesangioproliferative glomerulonephritis-IF negative 2
Henoch-Scho¨nlein syndrome 6 Enzymes
Trypsin (0.05%) EDTA Systemic lupus erythematosus 10
Cryoglobulinemic glomerulonephritis 4 Trypsin 2% 
Neuraminidase Renal vasculitis 2
Anti-GBM glomerulonephritis 1
Amyloidosis 3
Nephroangiosclerosis 4
Acute interstitial nephritis 2
stored at 80C until used. Subsequently, 5 m sectionsAcute tubular necrosis 1
Alport syndrome 2 were cut and used for immunostaining. Only material
Total 120 containing 5 or more glomeruli was considered for immu-
nohistochemistry.
Antibodies to nephrin
Sequence specific for intracellular (amino acid, aa 1101–Few data have been presented thus far about the
1126: TEAGSEEDRV RNEYEESQWT GERDTQ)changes in nephrin in proteinuric human kidney diseases.
and extracellular (aa 1039–1056: HQ PSGEPEDQLPOur prior study suggested that there is a prominent shift
TEPPSG) oligopeptides were selected over the humanfrom the slit membrane to lateral podocyte membranes
nephrin sequence (Gene Bank, AF035835) using the Pre-in experimental models of proteinuria [7].
dictProtein program via the Internet at the EuropeanOur current study examined nephrin protein expres-
Molecular Biology Laboratory (Heidelberg, Germany).sion in glomeruli from various diagnostic groups of human
These peptides showed no homology to other knownkidney diseases using immunohistochemistry. In addi-
protein sequences, and were synthesized and purifiedtion, we present our findings of a new proteinuria-associ-
at a local peptide synthesis unit (Haartman Institute,ated protein expression found initially from CNF patient
University of Helsinki) and coupled to a high densitykidneys.
multiple antigenic peptide-polylysine matrix to raise
polyclonal antibodies as detailed [15, 16]. The character-
METHODS ization and reactivity of the antinephrin antibodies have
been reported previously in detail [5].Human kidney tissues
One hundred twenty kidney biopsies taken for routine Monoclonal antibodies against isolated CNF glomeruli
diagnostic purposes at San Carlo Borromeo Hospital (Mi-
Generation and characterization of monoclonal anti-
lan, Italy) were examined. The diagnostic groups, based on bodies (mAbs) to isolated CNF glomeruli are described
findings in normal pathologic and anatomic examination in detail elsewhere (Heikkila¨ et al, manuscript in prepa-
and stainings [12–14] for immunoglobulins G, A, M, fi- ration). Briefly, freshly isolated glomeruli from nephrec-
brin, fibrinogen, C3, Cq, Masson’s trichome, are listed tomy to a CNF patient were placed into culture [17] and
in Table 1. Normal kidney tissue was obtained from five used for immunizing mice as described [18]. Monoclonal
cadaver kidneys taken for transplantation but not grafted antibodies were produced according to standard proto-
because of vascular abnormalities. cols. Balb/c mice were primarily immunized with antigen
Tissue samples for light microscopy were fixed in 4% in combination with Freund’s complete adjuvant. After
buffered paraformaldehyde and embedded in paraffin. four weeks a booster injection of the antigen was given,
Routine stainings were performed according to standard followed by fusion of spleen cells with a myeloma cell
techniques [12–14]. line using 50% polyethylene glycol on day 4. The hybrid
Normal human sera (N  20) from healthy donors cells were selected in AH medium [0.01% (wt/vol) azase-
were used to detect possible 18C7 antigen in the sera by rine, 0.136% (wt/vol) hypoxantine]. To screen the mono-
the radial immunodiffusion technique. clonal antibodies for glomerular positivity, indirect im-
For immunofluorescence (IF) and immunoperoxidase munofluorescence on kidney sections was used, and the
techniques the unfixed renal tissue was embedded in clones thus obtained were subsequently subcloned. The
OCT compound (Miles Scientific, Naperville, IL, USA), initial characterization of the antigenic epitope was per-
formed on treated tissue sections as detailed in Table 2.snap-frozen in a mixture of isopentane and dry ice, and
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Also, kidneys from normal rats, rabbits and mice as well 0.5 focal and segmental positivity, 1 diffuse segmen-
tal positivity, 2  global and diffuse positivity.as fetal rat kidney of the 18th gestation day were studied
by immunofluorescence. Furthermore, immunoprecipi- Images were digitized using a video camera (Kappa
CF15/2, Gleichen, Germany) connected to a Leitz Dia-tation and Western blotting were done as described [5,
15, 19]. plan microscope (Leica, Milan, Italy) and to a Pentium
120 computer (Maxwel, Rozzano, Italy) equipped with
Western blotting a frame grabber (Neotech Ltd, Eastleigh Hampshire,
UK). An automated macro composed by a color thresh-For immunoblotting [15, 19], normal human kidney
glomeruli were solubilized in RIPA buffer [150 mmol/L old procedure, filtering and Danielsson algorithm, was
applied on all digitized images. Cell count was performedNaCl, 1% NP-40, 0.5% sodium deoxylate, 0.1% sodium
dodecyl sulfate (SDS), 50 mmol/L Tris, pH 7.6] including considering the number of positive cells per glomerulus
(200), after drawing a precise line along the Bowman’sproteinase inhibitors, briefly sonicated and centrifuged
for ten minutes at 4C. The supernatants were run in capsule and programming the electronic system for ROI
(region of interest) analysis.reducing Laemmli buffer (62.5 mmol/L, pH 6.8, Tris-
HCl, 10% glycerol, 2% SDS, 5% 2-mercaptoethanol,
Statistics0.05% bromophenol blue) through 8% polyacrylamide
gels in Protean Mini-gel electrophoresis system (Bio- All results were evaluated using the mean and the
standard deviation (SD) of the mean. Statistical signifi-Rad Laboratories, Richmond, CA, USA). After electro-
phoresis proteins were transferred to nitrocellulose filters cances (P  0.05) were analyzed using the 2 test.
(Schleicher & Schuell, Dassel, Germany). After blocking
with 3% bovine serum albumin (BSA) in phosphate-
RESULTS
buffered saline (PBS), one filter was incubated overnight
Monoclonal antibodies for CNF proteinuria-specificat 4C with 18C7. The other filter as a control was
epitopes were screened with tissue sections of CNF andincubated with an irrelevant mouse IgG. The filters were
respective normal human kidney. One clone (18C7) ap-washed with PBS–0.2% Triton X-100, further incubated
peared prominently specific for CNF while no reactivitywith swine anti-mouse Ig conjugated with HRP (1:2000;
of normal human kidney tissue was observed (Fig. 1).Dako, Glostrup, Denmark). After washing with PBS
In further characterization of the 18C7 epitope, the tis-(0.2% Triton X-100) the bound antibodies were de-
sue sections of normal human kidneys were pretreatedtected with the ECL blotting kit (10; Amersham Life-
with proteolytic digestions using various concentrationsScience, Amersham International, Buckinghamshire, UK)
of pepsin and trypsin. These treatments removed all tis-according to the manufacturer’s instructions.
sue reactivity while the pretreatments for lipids did not
Immunohistochemistry and quantitative evaluation have an effect (Table 2), showing that the epitope is a
protein of glomeruli. No reactivity in normal rabbit,For immunohistochemistry, an avidin-biotin technique
mouse, rat kidneys, fetal rat kidney, human kidneys, orwas used as previously described in which a biotinylated
in normal human sera was observed. In Western blotssecondary antibody reacted with several peroxidase-con-
of glomerular lysates, a single distinct band at 240 kDjugated streptavidin molecules [12, 13].
was seen (Figs. 2 and 3).Briefly, after incubation with 0.5% avidin (Sigma Chi-
With the polyclonal nephrin-specific antipeptide anti-mica, Gallarate, Milan, Italy) and 0.01% biotin (Sigma),
bodies, the tissue reactivity of exclusively glomerularto suppress endogenous avidin-binding activity, tissue sec-
podocytes was shown by light and electron microscopy astions were fixed in a methanol-H2O2 solution (to block
detailed earlier [5]. The polyclonal antibodies to nephrinendogenous peroxidase). After washing, sections were
gave a typical glomerular decoration in a podocyte fash-sequentially incubated with the primary antibody, with
ion [5]. Podocytes were identified as the cells directlythe secondary biotinylated antibody (Zymed; Histo-Line
facing the urinary space of glomeruli, but often extendedLaboratories, Milan, Italy) and with the peroxidase-
deeper into the glomerular tufts as previously shown;labeled streptavidin (Zymed). Peroxidase activity was
they also were identified by immunoelectron microscopy.detected with 3,5-diaminobenzidine (Sigma), and then
sections were counterstained with Harris’s hematoxylin
Human kidney biopsies(DDK, Milan, Italy), dehydrated and mounted in Per-
Among 120 kidney biopsies stained with anti-nephrinmount (DDK).
antibodies, distinct quantitative changes were detectedSpecificity of labeling was demonstrated by the lack of
with the antibodies to extracellular or intracellular do-staining after substituting PBS and proper control im-
mains at the light microscopic level (Fig. 1). When com-munoglobulins (Zymed) for the primary antibody.
pared to normal reactivity in glomeruli (Fig. 1a) the anti-For the sections stained by 18C7 antibody, the follow-
ing semiquantitative score was applied: 0  negative, nephrin antibodies clearly showed down-regulation in
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Fig. 1. Immunoperoxidase staining of nor-
mal (a), membranous (b), membranoprolifer-
ative (c) and IgA nephropathy (d ) with anti-
nephrin antibodies. Distinct down-regulation
of reactivity can be seen in all samples of dis-
eased kidney.
membranous (Fig. 1b), membranoproliferative (Fig. 1c) ent degrees of glomerular positivity, some endothelial
and IgA nephropathies (Fig. 1d), either globally or fo- staining was detected, mostly localized at the vascular
cally in only some capillary loops. pole of the glomerulus, but also present in some small-
With the 18C7 antibody, 59 samples were completely sized interstitial vessels. Dividing biopsies according to
negative within glomeruli. Instead, glomerular positivity the presence or absence of endothelial staining, no sta-
was found in 61 of the biopsies: the staining was always tistical significance was obtained for any clinical or histo-
visceral with different degrees of intensity and diffusion logical parameter.
(Fig. 2). The immunohistochemical results obtained in
different renal diseases are shown in Table 3.
DISCUSSIONAmong all of the disease groups studied, a moderate
Nephrin is a major protein in the podocyte filtration() glomerular positivity for mAb 18C7 was detected
slits and lateral podocyte membranes. The characteristicin the samples with membranous glomerulonephropathy,
nephrin mutations in the massively proteinuric CNF pa-membranoproliferative glomerulonephritis, systemic ery-
tients, induction of rapid proteinuria by in vivo injectionthematosus lupus (all class IV), and cryoglobulinemic
of antinephrin antibodies [20], and the remarkable regu-nephritis (5, 1.7, 5, and 1.7% of the diagnostic groups,
lation of nephrin-specific mRNA levels in experimentalrespectively).
models [7] all suggest its crucial role in maintaining ofAmong the 40 cases of primary and secondary IgA
the glomerular filter. This study used antinephrin anti-nephropathy, most biopsies were negative (28 cases) and
among the 12 positive cases, none showed  positivity bodies of various specificities to evaluate nephrin protein
involvement in glomerular permeability changes in dif-(Fig. 2).
Table 4 illustrates the results obtained comparing clini- ferent diagnostic groups of human renal diseases. Typical
down-regulation of nephrin reactivity was seen in thecal and histological parameters with different levels of
staining. In addition to the association with the increasing glomeruli of samples from IgA nephropathy, membra-
nous or membranoproliferative glomerulonephritis, ei-trend in proteinuria, global and segmental glomerular scle-
rosis and mesangial proliferation were accompanying the ther globally or focally in only some glomeruli. Instead,
a distinct pattern of up-regulation was seen with thedifferent levels of 18C7 positivity, no statistical differ-
ence could be found among the groups. Instead, the sta- mAb 18C7 antibody to a proteinuria-associated protein
as found initially in CNF kidneys and as well as in othertistical analysis disclosed a significant association between
18C7 positivity and thickness of the glomerular basement proteinuric kidney diseases.
In the kidney, nephrin appears as a podocyte-specificmembrane (P	 0.05). Moreover, in 13 cases with differ-
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Fig. 2. Immunoperoxidase (a–g) and immu-
nofluorescence (h) staining of different diag-
nostic kidney biopsies with monoclonal anti-
body (mAb)18C7. (a) Normal human kidney;
(b) IgA glomerulonephritis; (c) membranous
glomerulonephropathy; (d) focal segmental
glomerulosclerosis; (e) cryoglobulinemic glo-
merulonephritis; (f) membranoproliferative
glomerulonephritis; (g) systemic lupus erythe-
matosus; (h) CNF (original magnification,
200).
protein localizing at the filtration slit as well as at the
lateral podocyte membranes [5–7]. We [7] and others
[21] have shown that in experimental glomerular diseases
nephrin-specific mRNA is remarkably reduced, while an
increase of nephrin at the lateral podocyte membranes
is seen simultaneously. Both human [5] and rat [19]
nephrins show distinct splicing of the specific mRNA
yielding soluble nephrin that exclusively is missing the
Fig. 3. Western blotting of normal human kidney glomerular lysate by exon spanning the transmembrane domain. The splicing
mAb 18C7. The clear band is seen at around 240 kD, while on the variant pattern shows typical regulation in experimentalcontrol lane using irrelevant mouse IgG instead of 18C7 no clear band
is found. Molecular mass markers are shown on the right. glomerular diseases, and simultaneously the soluble form
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Table 3. Renal biopsies diagnosis and 18C7 staining
No. of cases
Diagnosis 18C70 18C70.5 18C71 18C72
Acute post-streptococcal nephritis 1 0 1 0
Minimal change disease 3 1 0 0
Primary focal and segmental glomerulosclerosis 6 3 2 0
Membranous glomerulonephropathy 2 6 6 6
IgA glomerulonephritis 28 8 4 0
Membranoproliferative glomerulonephritis 1 3 0 2
Mesangioproliferative glomerulonephritis
(IF negative) 0 1 1 0
Henoch-Scho¨nlein syndrome 4 2 0 0
Systemic lupus erythematosus 2 2 0 6
Cryoglobulinemic glomerulonephritis 1 0 1 2
Renal vasculitis 0 2 0 0
Anti-GBM glomerulonephritis 0 0 1 0
Amyloidosis 2 0 0 1
Nephroangiosclerosis 4 0 0 0
Acute interstitial nephritis 2 0 0 0
Acute tubular necrosis 1 0 0 0
Alport syndrome 2 0 0 0
Total 59 28 16 17
Table 4. Comparison of clinical and histological features according to 18C7 staining
Global glomerular Segmental glomerular Mesangial GBM
sclerosis sclerosis proliferation thickness
SCr Urinary proteins
mg/dL g/day % 0, 1, 2
18C70 (59) 1.6
1.6 2.3
4.7 12
10 4
2 0.8
0.6 0.2
0.5
18C70.5 (28) 1.9
1.6 3.6
3.4 16
10 6
4 1.0
0.6 0.4
0.6
18C71 (16) 1.8
1.5 2.9
2.3 14
8 6
3 0.7
0.8 0.5
0.7
18C72 (17) 1.3
0.8 5.6
3.0 12
11 7
5 1.2
1.0 1.6
0.5
P value 0 vs. 0.5 NS NS NS NS NS NS
P value 0 vs. 1 NS NS NS NS NS NS
P value 0 vs. 2 NS 0.01 NS NS NS 0.0001
P value 0.5 vs. 1 NS NS NS NS NS NS
P value 0.5 vs. 2 NS NS NS NS NS 0.0002
P value 1 vs. 2 NS 0.03 NS NS NS 0.0003
Data are expressed as mean 
 SD. Abbreviations are: NS, not significant; SCr, serum creatinine; GBM, glomerular basement membrane.
of nephrin is found in the urine [22]. Taken together, the evidence, we consider that 18C7 recognizes a glomer-
ular epitope that is characteristically modified or ex-these findings suggest an important biologic role for the
different splicing variants, which could either be secreted pressed in proteinuria.
Of the various layers of the glomerular filtration bar-into the urine or deposited in the glomerulus. Whether
nephrin and the epitope for 18C7 mAb are physically rier, the glomerular basement membrane (GBM) lies
between the endothelium and the visceral epithelial cellassociated with each other is currently under study.
The antibodies to various protein backbone domains layers. The GBM supposedly forms a molecular scaffold
consisting of collagen IV, laminin, heparan proteoglycanof nephrin showed typical down-regulation, which is in
agreement with Kanwar et al [23]. Instead, monoclonal and entactin/nidogen [1, 24–27], produced by all glomer-
ular cell types. Genetic mutation of these GBM compo-antibody 18C7, normally failing to react in normal glo-
meruli, revealed strong reactivity in the glomeruli of nents results in disorders of the permeability as well,
thus reflecting alterations in the respective glomerulardistinct diagnostic groups. This monoclonal antibody was
raised against isolated glomeruli of a CNF patient and cell types. In our study, the strongest association of ab-
normal proteinuria-associated protein accumulation wasprimary screening for antibodies was done in immuno-
fluorescence on both the CNF and normal human kidney. found with GBM thickening, which may reflect alter-
ations of podocyte-derived products.The 18C7 antibody of IgG2b type showed characteristic
reactivity of a 240 kD protein in Western blotting of Among the different diagnostic groups, samples from
membranous glomerulonephropathy, membranoproli-glomerular lysates in denaturing conditions. Based on
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merular slit diaphragm in the rat and mouse. J Cell Biol 60:423–ferative glomerulonephritis, systemic lupus erythemato-
433, 1974
sus and cryoglobulinemic nephritis showed deposits of 10. Reiser J, Kriz W, Kretzler M, et al: The glomerular slit diaphragm
is a modified adherens junction. J Am Soc Nephrol 11:1–8, 2000the 18C7 epitope. Different pathogenetic mechanisms
11. Shih NY, Li J, Karpitskii V, et al: Congenital nephrotic syndromecontribute to the pathogenesis of these diseases. Similar in mice lacking CD2-associated protein. Science 286:312–315, 1999
deposits of proteins like dystoglycan [27] and apolipo- 12. Rastaldi MP, Ferrario F, Yang L, et al: Adhesion molecules
expression in noncrescentic acute post-streptococcal glomerulone-protein E [28] previously have been found in a variety
phritis. J Am Soc Nephrol 7:2419–2427, 1996of glomerular diseases. Whether these proteins complex 13. Rastaldi MP, Ferrario F, Tunesi S, et al: Intraglomerular and
interstitial leukocyte infiltration, adhesion molecules, and interleu-with the 18C7 epitope is currently unknown. Interest-
kin-1 alpha expression in 15 cases of antineutrophil cytoplasmicingly, in experimental diabetic nephropathy of the rat
autoantibody-associated renal vasculitis. Am J Kidney Dis 27:48–
(unpublished observation) nephrin is observed more 57, 1996
14. Rastaldi MP, Tunesi S, Ferrario F, et al: Transforming growthcentrally within the glomerulus. Whether this is due to
factor-beta, endothelin-1, and c-fos expression in necrotizing/cres-an overall overproduction of nephrin or specific release centic IgA glomerulonephritis. Nephrol Dial Transplant 13:1668–
of the soluble nephrin form is currently unknown. 1674, 1998
15. Wang SX, Ahola H, Palmen T, et al: Recurrence of nephrotic
syndrome after transplantation in CNF is due to autoantibodies
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